INTRODUCTION
FillER REINFORCED COMPOSITE plates may suffer internal damage when impacted by a solid object. The damage can significantly weaken the material.
The mechanical properties may at least partially be restored by repairing the plate. Repair is generally accomplished by removing some or all of the damaged zone and by replacing the removed material with an undamaged &dquo;plug': The question arises as to how effective such plugs are in restoring the strength of the material. This paper is addressed to this question and, through a series of tests, intends to show the usefulness of repairing damaged composites.
The effectiveness of the repair is assessed via the in-plane compressive strength because the compressive strength is a critical factor in the design of composite plates.
In attacking the repair problem, information is needed regarding the size of the original damage as well as the strengths of (a) undamaged plates, (b) damaged plates, (c) plates with the damaged zone removed, and (d) plates with the damaged zone repaired. Information regarding these different individual aspects of the problem have been reported previously. Comprehensive reviews of the literature pertaining to damage caused by impact and to the post-impact strengths of plates can be found in References [1, 2] and [3, 4] , respectively. The literature dealing with the strengths of plates with circular holes has been reviewed by Lessard and Chang [5] . Recent data regarding the strengths of repaired plates have been given by Ong, et al. [6] . Although, as seen from these references, various aspects of the repair problem have already been studied, there appears to be no single, comprehensive investigation which systematically explores the desirability of repairing a composite plate.
In this paper, data are presented showing the benefits, as represented by the inplane compressive strength, which can be gained by repairing damaged composite plates. To this end, solid (as opposed to honeycomb) composite plates were subjected to impact or transverse static loads. Some or all of the damaged zone was removed, and the plate was then repaired. The in-plane compressive strengths of the plates were determined 1. Prior to impact 2. After impact, before repair 3. After impact, with some or all of the damaged zone removed, and 4. After impact, with the damaged zone repaired These compressive strengths were then compared, and the effectiveness of the repair was assessed from these comparisons.
EXPERIMENTS
The plates used in the tests were made of unidirectional tape of graphite-epoxy, graphite-toughened epoxy, or graphite-PEEK. After manufacture, each plate was inspected by a pulse-echo ultrasonic technique (C-scan) to establish that they were undamaged.
The nominal width and length of each plate were three and six inches, respectively. The plates were inserted in a specially built aluminum fixture ( Figure 1 ) which clamped the two opposite, narrow edges of the plate along a one-inch strip. Hence, the plate length between the clamps was four inches. The two longitudinal edges of the plate were unsupported.
Damage was introduced in the plates in one of two ways. Either the plates were impacted with a projectile (impactor) fired from an air gun (Figure 2 ), or a transverse load was applied via an indenter and a mechanical tester. In both cases, the load was applied at the center of the plate by a hemispherical steel impactor (indenter) having a 0.25 inch radius. The damaged plates were inspected by X-ray and, some of the plates, also by pulse-echo C-scan. The X-ray pictures were ob- tained by applying a dye penetrant (di-iodobutane) to the edges of the plate as well as to any cracks on the surface of the plate. In this manner, the sizes of the damaged zones were determined.
The damaged zone was removed by grinding out an elliptical hole through the entire thickness of the plate (Figure 3 ). After grinding, the plate was again Xrayed to establish that the process did not damage the plate further.
After holes were cut in the plates, the plates were repaired by placing a &dquo;plug&dquo; (made of the same material as the plate) in the hole (Figure 3 ). This plug had the same shape and size (within 0.01 inches) as the hole, and had the same layup as the plate. American Cyanamid FM300 adhesive was placed between the plug and the plate. One layer of Fiberite T300/976 graphite-epoxy cloth &dquo;patch&dquo; was placed above the plug on each side of the plate (Figure 3 ). The dimensions of the patch are given in Figure 4 . The plates were then vacuum bagged and cured according to the cure cycle shown in Figure 5 . It is noted that the graphite-toughened epoxy plates and the graphite-PEEK plates were neither plugged nor patched.
Micro-Measurement CEA-06-125UN-350 strain gauges were mounted on the plates ( Figure 6 ). The Figure 13 . For these [04/904Js plates, the width wD of the damaged zone was approximately equal to one-half of the damage length 1,,,. As the length lD increased (and with it, the size of the damaged zone), the load required to buckle the sublaminate decreased.
Damage Growth Load
The loads at which the damaged zone starts to grow (growth loads Fg) are presented in Figures 14-17 ously, the damage growth loads are normalized with respect to the growth loads F8° of plates with no cutout or repair.
The damage growth load F. as a function of the number of plies n in the 0 ° ply groups is shown in Figure 14 . For damaged plates with no cutout, the growth load increased with the number of plies in the 0° ply groups (Figure 14, top) . To explain this trend it is again noted that the buckled sublaminate was at the back of the plate. Accordingly, an increase in the number of plies n in the back 0° ply group corresponded to an increase in the stiffness of the sublaminate and an increase in the delamination buckling load Fdb (Figure 11 ). For the plates with no cutout or repair, damage growth was always preceded by delamination buckling. Therefore, the damage growth load Fg' also increased with increasing number of plies n in the 0° ply groups.
Cutting out the damage resulted in an increase in the damage growth loads Fg provided the back ply groups were relatively &dquo;thin&dquo; (n = 2,3). The reason for this is that removal of the damaged zone prevented delamination buckling and delayed damage growth. Furthermore Repaired plates had lower damage growth loads than plates with 100 % cutouts (Figure 14, right) . The reason for this is unclear, but it is likely that damage could initiate at the interface between the plate and the plug.
The damage growth load F, as a function of the mismatch angle 6 is shown in Figure 15 . For damaged plates with no cutout, the growth load decreased as the mismatch angle increased (Figure 15, top) . The reason for this decrease was that larger mismatch angles were accompanied by larger initial damaged zones (as was discussed in Section 3.1) and lower delamination buckling loads Fd6 ( Figure  12 ). Since the size of the damaged zone increased with increasing mismatch angle 0, the growth load Fg° decreased. Neither removing the damaged zone nor repairing it caused significant improvement in the damage growth loads, as shown in Figure 15 , bottom. The damage growth load F, as a function of the initial damaged zone length 1,, is shown in Figure 16 . For plates with no cutout or repair (Figure 16, top) (Figure 16, right) .
The damage growth load F, as a function of the test section length L is shown in Figure 17 . For plates with no cutout or repair, the damage growth load F8' decreased as the length of the test section increased (Figure 17, top) . For these plates, global plate buckling (Section 3.3) caused damage growth. As the length of the test section increased, the buckling load and hence the damage growth load decreased. Removal of some or all of the damaged zone resulted in either no effect on the growth load FB or in a small decrease in F8 (Figure 17, bottom, left) . This decrease was due to a corresponding decrease in the global plate buckling load Fb . Repairing the plates had little effect on the damage growth load F, compared to plates with 100% cutout (Figure 17, right) .
Buckling Load
The loads at which the plates buckled in a global manner (buckling loads Fb ) are presented in Figures 18-23 as functions of the number of plies n in the 0° ply groups, the mismatch angle 0, the initial damaged zone length lD, and the test section length L. In these figures, buckling loads are normalized with respect to the buckling loads FObof the undamaged plates.
The global buckling load Fb as a function of the number of plies n in the 0° ply groups is shown in Figure 18 . For initially undamaged plates (Figure 18, top) , the buckling load F? increased slightly as n (and hence the number of 0° plies in the plate) increased. As the number of 0° plies in the plate increased, so did the bending stiffness of the plate in the lengthwise direction. This resulted in an increase in the buckling load Fg .
As expected, damaged plates, with or without cutout, generally had lower buckling loads F6 than undamaged plates (Figure 18, middle) . The removal of all or part of the damaged zone generally produced a small decrease in the buckling load compared to the buckling load of damaged plates with no cutout (Figure 18 , middle). Although the material in the damaged zone was not as strong as the undamaged material, it still provided some resistance to buckling. For this reason, removal of the damaged material caused a decrease in the buckling loads F~.
Repaired plates had slightly higher buckling loads than plates with 100% cutout (Figure 18, bottom, left) . However, repaired plates had practically the same buckling loads as damaged plates with no cutout (Figure 18, bottom, right) . Inserting new material into the damaged zone provided more buckling resistance than a cutout, but not more than the original damaged material.
The global buckling load as a function of the mismatch angle e is shown in Figure 19 . For initially undamaged plates, the buckling load F? exhibited a slight decrease with mismatch angle (Figure 19, top) . As the angle 9 increased, the stiffness of the laminate in the lengthwise direction decreased leading to the decrease in the buckling load.
The buckling loads of damaged plates are shown in Figure 19 , middle. Damaged plates with no cutout had lower buckling loads than undamaged plates (Fb/Fg < 1), but higher buckling loads than plates with the damaged zone removed. Removal of the material, even though it was damaged, resulted in less resistance to plate buckling. Repaired plates had higher buckling loads Fb than plates with a 100% cutout (Figure 19, bottom, left) , but only about the same buckling loads as damaged plates with no cutout (Figure 19, bottom, right) . The global buckling loads Fb as functions of the initial damaged zone length 1 (Figures 20-22) . Since the damage width wD increased with the damage length lD , the size of the damaged zone also increased. This increase in the size of the damaged zone caused a decrease in the global buckling load Fb . Again, damaged plates without a cutout generally had higher buckling loads than the plates with either 100 % or 75 % cutouts.
The buckling loads Fb of repaired plates are shown in Figure 20 , bottom. Repaired plates had higher buckling loads than plates with 100 % cutout but only about the same buckling loads as damaged plates with no cutout. The buckling load Fb is shown in Figure 23 as (Figure 23, middle) . Apparently, the size of the damaged zone was small enough so that the buckling loads were not affected significantly. The plates with cutouts had somewhat lower buckling loads F,, than damaged plates with no cutout, the plates with 100% cutouts having lower buckling loads than those with 75 % cutouts.
Repaired plates had nearly the same buckling loads Fb as plates with 100 % cutout (Figure 23 , bottom, left) and substantially lower buckling loads than damaged plates with no cutout (Figure 23, bottom, right) . 
Ultimate Load
The maximum loads (ultimate loads Fu ) which the plates can sustain are presented in Figures 24-29 as functions of the number n of plies in the 0° ply groups, the mismatch angle 0, the initial damaged zone length lD, and the test section length L. In these figures, the ultimate loads are normalized with respect to the ultimate loads Ft of the undamaged plates.
The ultimate load Fu as a function of the number of plies n in the 0° ply groups is shown in Figure 24 . For initially undamaged plates (Figure 24, top) (Figure 19) . Repair of the plates did not change significantly the ultimate loads F. (Figure 25, bottom) .
The (Figures 26-28 ). Since Repaired graphite-epoxy plates had slightly higher ultimate loads F~ than plates with 100 % cutout (Figure 26, bottom, left) . However, repaired plates had lower ultimate loads than damaged plates with no cutout (Figure 26, bottom, right) .
The ultimate load F. is shown in Figure 29 as a function of the test section length L. For undamaged plates, the ultimate load decreased with increasing test section length (Figure 29, top) , because the buckling load Fb of the plate decreased with increasing L (Figure 23 ). Since buckling preceded ultimate failure of the plate, the ultimate load F. decreased as well.
The ultimate loads of damaged plates with no cutout were nearly equal to those of undamaged plates (Figure 29, middle) . Apparently, the size of the damaged (Figure 29 , bottom, left), but were lower than those of damaged plates with no cutout (Figure 29, bottom,  right) .
In all the aforementioned results (Figures 11-29 Figure 30 . The ultimate failure loads F~ of these stiffened plates are shown in Figure 31 . As expected, the ultimate load F. increased considerably when global buckling could not occur. As the length lD of the damaged zone (and with it, the overall size of the damaged zone) became larger, the difference between the ultimate loads F. of the stiffened and unstiffened plates became less. The reason for this is that global plate buckling played a smaller role in the failure when the damaged zone was large. Figure 32 . The tests were repeated with plates having different initial damage sizes. For the cross-ply plates, the initial damage lengths were 1,~, = 0.8, 1.6, and 2.4 in, while the initial damage widths were approximately half the damage lengths (w~ .= 0.5 lD). For the quasi-isotropic plates, the initial damage lengths were lv = 0.8, 1.2, and 1.6 in, and the initial damage widths were about the same as the damage lengths (we = 1,,,). Regardless of the initial damage size, all the cross-ply plates had similar damage growth patterns, and all the quasi-isotropic plates had similar damage growth patterns. These general patterns are shown in Figure 32 . It is interesting to observe that the damage growth pattern is strongly influenced by the layup. The direction in which the damage propagates may be an important factor in the failure of a composite structure and may need to be taken into account during design. 
